Human long interspersed elements 1 (LINE-1 or L1) is the only autonomous non-LTR retroelement in humans and has been associated with genome instability, inherited genetic diseases, and the development of cancer. Certain human APOBEC3 family proteins are known to have LINE-1 restriction activity. The mechanisms by which APOBEC3 affects LINE-1 retrotransposition are not all well characterized; here, we confirm that both A3B and A3DE have a strong ability to inhibit LINE-1 retrotransposition. A3DE interacts with LINE-1 ORF1p to target LINE-1 ribonucleoprotein particles in an RNA-dependent manner. Moreover, A3DE binds to LINE-1 RNA and ORF1 protein in cell culture system. Fluorescence microscopy demonstrated that A3DE co-localizes with ORF1p in cytoplasm. Furthermore, A3DE inhibits LINE-1 reverse transcriptase activity in LINE-1 ribonucleoprotein particles in a cytidine deaminase-independent manner. In contrast, A3B has less inhibitory effects on LINE-1 reverse transcriptase activity despite its strong inhibition of LINE-1 retrotransposition. This study demonstrates that different A3 proteins have been evolved to inhibit LINE-1 activity through distinct mechanisms.
Introduction
The apolipoprotein B mRNA-editing catalytic polypeptide 3 (APOBEC3) proteins are cytidine deaminases related to AID (activation-induced cytidine deaminase) and APOBEC1 (apolipoprotein B mRNA editing enzyme, catalytic polypeptide1). The APOBEC3 (A3) family consists of seven family members (APOBEC3A, -B, -C, -DE, -F, -G, and-H) with diverse activities against a variety of retroviruses and endogenous retroelements. Certain A3 family members can potently suppress retrovirus replication by editing the viral genome during reverse transcription via cytidine deamination as well as other mechanisms [1] [2] [3] [4] [5] [6] [7] . In order to successfully replicate, HIV-1 encodes Vif to inactivate some of these A3 molecules. Vif hijacks the host E3 Cul5 ubiquitin ligase system to induce polyubiquitination and degradation of the A3 molecules [3, [7] [8] [9] [10] [11] [12] [13] [14] .
The underlying mechanism governing these diverse anti-viral activities of the A3 proteins is still not clear. The anti-viral effects of the most potent HIV-1 restriction factors, A3G, A3H, and A3F, require efficient packaging into the HIV-1 virions [5, [15] [16] [17] [18] . In the absence of Vif, the incorporation of A3G and A3F into virions requires the RNA binding nucleocapsid (NC) domain of Gag and viral and/or cellular RNAs [15, 16, [18] [19] [20] . In newly infected target cells, virion-packaged A3 proteins induce cytidine deamination of viral cDNA and block the completion of full-length viral DNA during reverse transcription. A3 proteins can also inhibit the nuclear importation of HIV-1 and the integration of viral DNA.
In addition to retroviral inhibition, various A3 family members have been shown to inhibit the human non-LTR retrotransposon LINE-1 to varying degrees [21] . LINE-1 is the only active autonomous retroelement in humans and makes up at least 17% of the human genome [22] [23] [24] [25] . LINE-1 can also mediate the retrotransposition of other non-autonomous retroelements, such as Alu and SVA, which account for more than 20% of the human genome [26, 27] . Ninety-seven human diseases are related to germ-line insertions of endogenous retrotransposons [24] .
Human LINE-1s are transcribed by RNA polymerase II to mRNAs of about 6 kb that contain a 5' untranslated region (UTR), two open reading frames (ORF1 and ORF2), and a 3' UTR [28] . ORF1 encodes a RNA-binding protein (ORF1p), and ORF2 encodes a protein (ORF2p) with endonuclease and reverse transcriptase activities [29] . Both ORF1p and ORF2p are required for retrotransposition during target site-primed reverse transcription (TPRT). The LINE-1 replication cycle proceeds as follows: (i) LINE-1 DNA is transcribed into mRNA in the nucleus and transported to the cytoplasm, then translated into the ORF1 and ORF2 proteins; (ii) the LINE-1RNA assembles into ribonucleoprotein (RNP) particles with ORF1p and ORF2p; (iii) LINE-1 RNP is transported to the nucleus and integrated into the genome through TPRT [30] .
Besides APOBEC3G, other well characterized anti-retrovirus factors such as MOV10, SAMHD1, ZAP have been identified to be able to inhibit LINE-1 retrotransposition through diverse mechanisms. MOV10, a helicase inhibits LINE-1 mobility through interacting with LINE-1 RNP and causing LINE-1 RNA degradation [31] . SAMHD1 can inhibit the L1 ORF2p RT activity and promote cellular stress granule assembly, while there is no detectable binding of SAMHD1 with LINE-1 RNA. [32] . ZAP can restrict LINE-1 mobility. It reduces the transcription of LINE-1 RNA and the expression of LINE-1 protein, and interacts with ORF1p in a RNA-dependent manner. [33] . These accumulated evidences suggested that host antiviral restriction factors using distinct mechanisms to antagonize exogenous retrovirus and endogenous retroelements [34] Unlike A3-mediated HIV-1 restriction, the mechanism of A3-mediated LINE-1 inhibition has not been well characterized. A3A is a potent LINE-1 inhibitor, and its inhibitory function requires its deaminase domain and deaminase activity. A3A can induce cytidine deamination of LINE-1 DNA. On the other hand, several A3 proteins can mediate LINE-1 inhibition in the absence of a functional deaminase domain [35, 36] . It is generally believed that A3G has weak or no activity against LINE-1 retrotransposition, and the effect of A3F on LINE-1 retrotransposition is controversial [6, [36] [37] [38] [39] .
In the present study, we demonstrate that both human A3B and A3DE are potent inhibitors of LINE-1 retrotransposition but have different LINE-1 RNP-targeting activities. A3DE binding to LINE-1 ORF1p is RNA-dependent, implying an interaction between A3DE and LINE-1 ribonucleoprotein particles (RNPs). Furthermore, the amount of LINE-1 cDNA synthesized by LINE-1 RT is significantly reduced by A3DE but not by A3B. The restrictive activity of A3DE on LINE-1 is independent of its cytidine deaminase activity. Our study demonstrates that the human APOBEC3 restriction factors inhibit LINE-1 retrotransposition through diverse pathways.
Materials and Methods

Cells and Plasmids
HEK293T cells(293T/17 [HEK 293T/17] (ATCC1 CRL11268™)) were cultured in DMEM medium with supplement of 10% FBS (GIBCO) and 1% Penicillin-Streptomycin stock solution (Invitrogen, 5,000unit Penicillin and 5,000 μg Streptomycin per milliliter). The expression vectors of HA/V5-tagged A3B and A3DE were constructed in our laboratory. HA-tagged A3DE-E80Q, A3DE-E264Q, A3DE-E80Q/E264Q and A3B-W228L/ D316N were generated by overlapping PCR and confirmed by sequencing. The human L1 plasmids 99 PUR L1RP EGFP (L1) and 99 PUR JM111 EGFP (JM111, an L1 construct containing two point mutations in ORF1, which cause complete abolishment of LINE-1 retrotransposition, was used as a negative control) were gifted from Professor Kazazian HH Jr and had been described previously [40] . The pcDNA3.1-EGFP plasmid was cloned in our laboratory.
Cell Viability Assay
The empty vector, the A3B-HA, or the A3DE-HA expression vector was co-transfected with the pcDNA3.1 EGFP separately into HEK293T cells in 12-well plates. The cells were harvested by trypsinization at 48 hr post-transfection, and cell pellets were suspended in phosphate-buffered saline (PBS) buffer at 10 6 cells/ml. The cell suspension was mixed 9:1 with 0.4% trypan blue solution and stained for 3 min. Then 10 μl of the stained cell suspension was drained and placed on a hemocytometer. The stained dead cells and unstained live cells were counted separately under the microscope. Every sample was counted three times. The percentage of viable cells was calculated by the following formula: cell viability = (N total cells -N dead cells )/ N total cells ×100%.
LINE-1 Retrotransposition Assay
The empty, the A3B-HA, or the A3DE-HA expression vector was co-transfected with 2 μg of LINE-1 plasmid separately into HEK293T cells in 12-well plates. The cells were selected by the addition of puromycin (final concentration, 5 μg/ml) at 48 hr post-transfection. GFP-positive cells were examined after another 48 hr by flow cytometry using FACSCalibur. Gating exclusions were set up based on background fluorescence of the cells transfected with the plasmid JM111; 20,000 single-cell events per sample were gated and analyzed using CellQuest Pro (v.5.2). The rest of the cells were collected to check the expression of the A3DE proteins after flow cytometry.
LEAP Assay and RT-PCR
The LINE-1 construct pc-L1-1FH, containing the FLAG-HA-tagged ORF1, has been described [41] . It was co-transfected in the absence or presence of the A3DE-HA expression vector into HEK293T cells. After transfection for 2 days, LINE-1 ribonucleoprotein (RNP) complexes were isolated by ultracentrifugation through a sucrose cushion as previously described [42] . The LINE-1 RNP sample (2 μl) was added to each cDNA extension reaction (LEAP) using the 3' RACE adaptor NV: 5'-GCGAGCACAGAATTAATACGACTCACTATAGGTTTTTTT TTTTTVN-3' as primer. LINE-1 RNA was extracted from the LINE-1 RNP, treated with DNase I (Promega), and reverse-transcribed using the 3' RACE adaptors NV as primer and MuLV RT, using the GoScript Reverse Transcription System (Promega). PCR was performed as previously described [42] . The relative amount of synthesized cDNA from both methods was detected by real-time PCR using the primers Linker (as part of the primer 3' RACE adaptor NV), 5'-GCGAGCACAGAATTAATACGACT-3' and L1-LEAP-R, 5'-GGGTTCGAAATC GATAAGCTTGGATCCAGAC-3'. FastStart Universal SYBR Green Master Mix (Roche) was used for qRT-PCR amplifications. The reactions were performed under the following conditions: 50°C for 2 min and 95°C for 10 min, then 40 cycles of 95°C for 15 s and 60°C for 1 min, followed by a dissociation protocol. Calculations were performed using the 2 -ΔΔCT method.
Protein Extraction and Western Blotting
Cell pellets were lysed in RIPA buffer (50 mM Tris, pH7.4, with 150 mM NaCl, 1% NP40, 9 mM ethylenediamine tetra acetic acid (EDTA)) and boiled for 30 min in a 100°C water bath.
The following antibodies were used to detect protein expression: anti-HA from Invitrogen (Carlsbad, CA), anti-Flag agarose gel from Sigma, anti-V5 and anti-EGFP from Invitrogen, and anti-tubulin from Abcam (Cambridge, MA). All antibodies were used according to the manufacturers' protocols.
Immunoprecipitation
HEK293T cells in T25 flasks were transfected with 6 μg of pc-L1-1FH and 2 μg of A3DE-V5 vector, then cultured for 48 hr. ORF1 was tagged with Flag and HA in the pc-L1-1FH plasmid [41] . For each IP reaction, 3x10 7 cells were harvested in PBS and pelleted, and then 1.0 ml of the whole-cell extracts was prepared with lysis buffer (50 mM Tris, pH7.4, with 150 mM NaCl, 1mM EDTA, 1% Triton X-100, and complete Mini EDTA-free protease inhibitor cocktail (Roche)). Extracts were incubated with 40 μl of anti-FLAG M2 affinity gel (Sigma), rotating for 3 hr at room temperature. Then the affinity gel was washed five times with buffer A (150 mM NaCl/ 50mM Tris-HCl (pH 7.5)) and the protein was eluted with 100 mM glycine (pH 2.5). The eluates were analyzed by SDS-PAGE and immunoblotting with the appropriate antibodies.
RT-PCR
In brief, RNA was isolated using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA). Then 1 μg RNA per reaction was treated with DNase I by incubation in 10 μl of diethyl pyrocarbonate (DEPC)-treated water with 10x RQ1 RNase-free DNase buffer, 1 μl of RQ1 RNase-free DNase (Promega), and 4U of RNase inhibitor (Promega) for 30 min at 37°C. The DNase was inactivated by addition of 1 μl of RQ1 DNase stop solution and incubation at 65°C for 10 min. Reverse transcription was performed using the GoScript Reverse Transcription System (Promega). 2x EasyTaq PCR SuperMix (Transgen) was used for PCR amplifications. The same amounts of cDNA template (2 μl) were subject to PCR with primers 5'-AGGAAATACAGAGAACGCCACAA-3' and 5'-GCTGGATATGAAATTCTGGGTTGA -3' that amplify ORF1 mRNA. GAPDH was used to normalize the amount of ORF1 mRNA. GAPDH mRNA was amplified with primers 5'-GCAAATTCCATGGCACCGT -3' and 5'-TCGCCCCACTTGATTTTGG -3'. The reactions were performed under the following conditions: 94°C for 5 min, and 35 cycles of 94°C for 30 s, 57°C for 30s and 72°C for 30s, then 72°C for 10min. The PCR products were separated in 2% agarose gels and visualized with ethidium bromide staining.
Immunofluorescence Microscopy
Cells were grown on glass coverslips before transfection with A3DE and L1-1FH. Forty-eight hours after transfection, cells were fixed with 100% methanol for 15 min at -20°C. Cells were blocked with 5% of goat serum for 60 min at room temperature and then incubated with primary antibody, anti-V5 (1:100 dilution), anti-HA(1:200 dilution), 4°C overnight. Alex Fluor 488-labeled goat anti-rabbit antibody (1:100 dilution), Alexa Fluor 594-labeled goat antimouse antibody (1:100 dilution) were used as secondary antibodies. DAPI (1:5000 dilution) was used to stain the nucleus. Immunofluorescence images were acquired at room temperature using Olympus IX73 fluorescence microscope. Data analysis and images processing were performed using cellSens software.
Results
APOBEC3DE inhibits human LINE-1 retrotransposition
To address the effects of A3B and A3DE on LINE-1 retrotransposition, we used a well-established EGFP reporter system in HEK293T cells [34, 40, 43, 44 ] to evaluate LINE-1 retrotransposition in the presence or absence of A3B or A3DE (Fig 1A and 1B) . EGFP was expressed only after the LINE-1 transcript was spliced and reverse-transcribed, its cDNA was inserted into the host genome, and the EGFP reporter gene was transcribed under the control of its own CMV promoter (Fig 1B) . Construct 99 PUR JM111 EGFP (JM111), which contains two missense mutations in ORF1, was used as a negative control for retrotransposition. The pL1RP EGFP construct was transfected into HEK293T cells with or without the A3B or A3DE expression plasmids. After 48 hr, the cells were selected by puromycin, and the number of GFP-positive cells was examined after additional 48 hr by flow cytometry. Gating exclusions were set up based on the background fluorescence of the cells transfected with the plasmid JM111, as previously described [34] . We observed that both A3B and A3DE had a significant inhibitory effect (up to~80%, p<0.05) on LINE-1 retrotransposition (Fig 1C) . Representative flow cytometry data are shown in Fig 1D. It was important to exclude any possible toxic effects of the A3B or A3DE protein that would bias the results. Trypan blue staining was used to assess cell viability and cytotoxicity in HEK293T cells transfected with the A3B or A3DE expression vector plus L1RP-EGFP. Expression of either the A3B or A3DE protein caused no detectable cytotoxicity in HEK293T cells (Fig 2A) .
The LINE-1 retrotransposition assay relies on the detection of EGFP driven by the CMV promoter. By using flow cytometry, we demonstrated that the expression of the A3B and A3DE proteins did not affect the positive EGFP number when co-transfected with pcDNA-EGFP plasmids (Fig 2B) . Hence, we had established an optimal system for studying A3-mediated LINE-1 restriction.
APOBEC3DE interacts with ORF1p in a RNA-dependent manner
We next examined whether the human A3B or A3DE could target LINE-1 RNP and affect LINE-1 activity. ORF1 shares little homology with known proteins, and LINE-1 RNA is wrapped around by the ORF1p trimer [45] . Both ORF1p and ORF2p are components of LINE-1 RNP and are required for retrotransposition during target site-primed reverse transcription (TPRT) [46] . Therefore, we measured the interaction of the A3B and A3DE proteins with LINE-1 ORF1p in a co-immunoprecipitation assay (Fig 3A) . Immunoprecipitation (IP) was performed using Flag epitope-tagged ORF1p (pc-L1-1FH) co-expressed with A3B or A3DE. Using an anti-FLAG-agarose purification from transfected HEK293T cells, we demonstrated that A3DE interacted with ORF1p (Fig 3B) . Furthermore, this interaction could be disrupted by RNase treatment (Fig 3B) , indicating that A3DE proteins target LINE-1 RNP by interacting with ORF1p in a RNA-dependent manner. Although A3B had potent activity against LINE-1 retrotransposition, its interaction with ORF1p (Fig 3B, lane 3) was less efficient than that of A3DE (Fig 3B, lane 4) . The weak interaction between A3B and ORF1p disappeared after RNase treatment (Fig 3B, lane 3) consistent with a previous report that A3B and ORF1p form a RNA-dependent complex [47] . Moreover, we examined whether A3DE could pull down the endogenous L1 mRNA. A3DE-HA transfected HEK293T cells were collected, lysed, and immunoprecipitated with anti-HA antibody (Fig 3C) . The L1 mRNA in the eluted samples was detected by real-time PCR. Our data showed that A3DE binds with L1 mRNA of L1 RNP in a RNA dependent manner (Fig 3D, lane 4 and lane 5) . Subsequently, we further detected the subcellular localization of A3DE and ORF1p in HEK293T cells (Fig 3E) and found that A3DE was co-localized with ORF1p in the cytoplasm. All these results support that A3DE interacts with L1 RNP.
APOBEC3DE inhibits ORF2p-mediated reverse transcription of LINE-1 RNP
LINE-1 replication requires reverse transcription of its own RNA genome using ORF2p. To further understand the mechanism of A3-mediated LINE-1 inhibition, we investigated whether A3B or A3DE could affect LINE-1 ORF2p's involvement in LINE-1 RNP transcription. To detect the TPRT activity, a LEAP reverse transcriptase assay (Fig 4A) , established by Kulpa et al., was used to evaluate the LINE-1 RT activity of ORF2p in LINE-1 RNP [42] . LINE-1 RNPs from an ORF1-tagged LINE-1 construct [41] were isolated from transfected HEK293T cells in the absence or presence of A3B-or A3DE-expressing vector. In our study, A3DE showed potent inhibition of LINE-1 reverse transcriptase activity (Fig 4B) . The amount of LINE-1 complementary DNA synthesized by LINE-1 reverse transcriptase was reduced bỹ 75% (p<0.005). In sharp contrast to A3DE, expression of A3B had only a weak inhibitory effect on LINE-1 reverse transcriptase activity (Fig 4B) . Thus, our studies revealed that A3DE could associate with LINE-1 RNP and affect ORF2p's reverse transcriptase activity.
APOBEC3DE restrict LINE-1 retrotransposition through a DNA deamination-independent mechanism A3DE cytosine deaminase (CDA) domain is crucial for anti-HIV-1 infection. A3DE cytidine deaminase domain mutations, A3DE-E80Q and A3DE-E264Q lost the ability antagonize HIV-1 dVif [48] . In this study, we observed that A3DE-E80Q, A3DE-E264Q and A3DE-E80Q/ E264Q keep the same potent inhibitory effects on LINE-1 as A3DE wild type (Fig 5) . It had been reported that A3B, A3C and A3F have varied abilities inhibiting LINE-1 through CDAindependent pathway [35, 36] . We also examined A3B CDA mutations, A3B-W228L/ D316N on LINE1 restriction and obtained a similar result as published (Data not shown). Herein, we demonstrated that A3DE, another A3 family member, could also inhibit LINE-1 mobility through CDA-independent pathway.
Discussion
Human A3 proteins, as well as polymorphic variants of certain A3 proteins, show differences in their ability to restrict LINE-1 retrotransposition. In general, A3A has been considered to be the most potent inhibitor of LINE-1 retrotransposition. In contrast, A3G has been shown to demonstrate very little or no activity against LINE-1 retrotransposition. Previous studies have indicated that human polymorphism in A3H has resulted in altered capacities for LINE-1 restriction. A3H Hap-II has a strong ability to restrict LINE-1, while A3H Hap-III and Hap-IV have lost this function. Results generated from the present study indicate that human A3DE is another potent cytidine deaminase with the ability to restrict LINE-1. A3DE is expressed in embryonic stem cells, and both human A3B and A3DE may play important roles in regulating the mobilization of endogenous retroelements in vivo [21, 24, 30] . The mechanisms of LINE-1 inhibition by various A3 proteins have not been fully characterized. A3A can inhibit LINE-1 retrotransposition, which requires its deaminase activity. It has been proposed that A3A induces cytidine deamination of transiently exposed LINE-1 singlestrand DNA produced during the process of LINE-1 reverse transcription/integration [43] . In this study, we have detected a physical interaction between LINE-1 ORF1p and A3DE by coimmunoprecipitation experiments. The interaction between ORF1p and A3DE was sensitive to RNase treatment, indicating the involvement of RNA. In contrast, A3B had a much weaker ability to interact with LINE-1 ORF1p when compared to A3DE (Fig 3) , despite the fact that both proteins showed evidence of strong inhibitory effects on LINE-1 retrotransposition (Fig  1) . The nature of the RNA molecule that mediates the ORF1p-A3DE interaction is not clear. LINE-1 RNA is a likely candidate. Alternatively, it has also been reported that 7SL RNA is associated with LINE-1 RNPs [49] . We have previously observed an association of 7SL RNA with A3 proteins [17, 50] . The involvement of 7SL RNA in mediating the interaction between ORF1p and A3DE is another possibility.
Several studies revealed that a cytoplasmic granule activation pathway is involved in LINE-1 restriction by cellular factors, such as SAMHD1, MOV10 and ZAP [32, 33, 41] . Here we also discovered the co-localization of A3DE with L1 ORF1p in cytoplasmic granules. Further study is needed to clarify which kind of cellular granules play a role in A3DE inhibition of LINE-1 mobility.
We investigated whether A3DE can interfere with LINE-1 RT activity, since A3DE interacts with ORF1p and associates with LINE-1 RNPs. We observed an~80% A3DE-associated inhibition of LINE-1 RT activity using purified LINE-1 RNPs in the LEAP assay (Fig 4) . This magnitude of inhibition mirrors that of LINE-1 inhibition by A3DE in the cell culture assay. The impairment of LINE-1 RT activity by A3DE is also similar to the reported effect of deaminasedefective A3G and A3F on the RT activity of HIV-1Δvif virus in newly infected target cells APOBEC3DE Inhibits LINE-1 Retrotransposition [51] . A similar but less potent inhibition of LINE-1 RT activity has also been reported for A3C [35] . We have observed a much weaker inhibitory effect on LINE-1 RT activity for A3B than for A3DE (Fig 4) . A3DE inhibits LINE-1 retrotransposition by using DNA deaminase-independent mechanism, which is distinct from the one used by A3A. In any case, it is apparent that human A3 proteins have developed different mechanisms for LINE-1 regulation.
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